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Selected papers given at this Conference are briefl y reviewed. The meeting
emphasized how much is still unknown concerning the nature of defects in
semiconductors other than silicon , as well as the need to develop other
microscopic probes for investigating materials that are not readily amenable
to ESR studies.
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INTERNATIONAL CONFERENCE ON RADIATION
EFFECTS IN SEMICONDUCTORS

The 9th International Conference on Radiation Effects
in Semiconductors was held in Dubrovnik , Yugoslavia, 6-9 September 1976,
under the sponsorship of IUPAP, other international bod ies, and the
Ruder Boskovi~ Institute, Zagreb , an institute named after an 18th-cen-
tury Croatian physicist and mathematician who was born in Dubrovnik.

S 

The meeting was, to some extent, a satellite meeting of the 13th
International Conference on the Physics of Semiconductors , which took
place in Rome a week earlier.

Attendance was estimated at about 150, with a fairly good inter-
national representation (no attendance list was provided to the partic-
ipants, but one was posted on the bulletin board on the last day). The
us was well represented, starting with the Program and Internation
Advisory Committees, both headed by J.W. Corbett (Albany) , and
carrying through to the invited speakers (one-third of whom came
from the US) and to the contributed papers. A sizable contingent from
the USSR was led by the ebullient V.S. Vavilov (Lebedev Phys. Inst.,
Moscow) who, since the Conference language was English, often acted
as interpreter from the floor to help some of his less fluent col-
leagues deal with the discussion questions. Dr. N.B. tj r li  (Ruder
Boskovic Inst.) was the Vice-Chairman of the Program Committee and
also headed the local organizing committee.

The program featured invited review j aper s  based iar .~el’: on sem i-
conductor class (Si , Ge , SiC , diamond , I I l — V , T I — V I , Se -Tv)  with a
based on radiation—induced phenomena (a~ ur} h o u s — c r y s t u l l i n . ’  r : 1.~ t~~on -
induced t rans i t ions, ionization e f f e c t s  i n  h’ f e~’t c r e a t i ’r i  ~r 3  anru —
hilatiori ) and methods (ion implanta t ic r i~~. Th~~rc~ ‘,.:vr’ no -ir~~~lel
sessions , and there was ample t im ’ for l isouss ion s ,  ‘,~h i r ’ h \s~
animated (sometimes ext remely  s~~) . The ro~~e€ ’  F~n~ of ¶ h~ ’
w i l l  be publ ished in the Confer enc~ cr i c ’s  of th e  i~ i. ~.e
(London) . As ye t , the price of the ~hi . ‘t  ic:; ~~ d~ ’ ‘ o~ i t
a n ce ar e r u t  known , a l though  the  p u b i  r~~ s~~ i :; Sc u l  i a~ ~‘, i r ~ r i~~~r;:~~i
.jJ~ uki y. For t h i ~~ reason only a h r i ~ ’f u e r v I v~~ -,: ‘ !o ’o~~ ing  ~~i 1  I
u t .t er r ip t€ ’c i  here .

Al though the Conference r c v L ’a l ’ , . l some rece n t a~ v , lr ;o S in
era l  area of defec ts  in semiconductors , it was ! r o b c l t i ’~ no t u c  fu l  j r .
emphasiz ing how much is n t  known ~i:i 1 s t i l l rema i n s t F F~re . I t  is
clear  that  among the e lementa l  semluen duc to r s , t he  k now 1~ lu ’  ah ’u t  I-
fec t s  in s i l icon is the most complete , w h i l e  by m~~ir i s o n  ‘

ot unders tanding  fo r  germanium is s t i l l  in i t s  i nL i n c y .  T h i s  i s
due to the microscopic i n f o r m a t i o n  o b t ain e l by s u c c e s s fu l  t’l ec tror
sp in resonance (ESR ) experiments in silicon and th e  lack of su c c e r r s  t
ESR in germanium . The Conference pointed out the need fo r  more m i c r o -
scopic knowledge of defects in semiconductors so that~ the behavior of

_ _  
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mater ials other than silicon can be well understood. While ESR
is very useful , other microscopic probes need to be developed for the
exploration of materials which are not so easily studied by this method.
It was also quite evident that the best techniques for obtaining informa-
tion on the electron thermal property of trapping centers are the tran-
sient capacitance experiments.

Perhaps one of the most exciting papers was a post—deadline one by
J. Schneider et a l .  (Inst. Appl. Solid State Physics, Freiburg, FRG).
They presented evidence for the existence of antisite defects in GaP,
CdSiP2 and ZnGeP2. For “very pure ” GaP , the ESR spectrum gave evidence
of an s-orbital central atom with spin 1/2. The investigators gave
arguments which led them to identify the defect as p4+ on a Ga 3

~ site.
This appears to be the f i r st identification of antisite defects,
although J. Van Vechten (IBM , Yorktown Heights, NY) has been predic-
ting their existence in large concentrations for many of the compound
semiconductors.

The opening invited paper by J.W . Corbett , reviewing defects  in
Si , s t ruck the theme of ‘how l i t t l e  we know ” r igh t  at the outset .
Acknowledg ing  that much in fo rmat ion  on Si is in hand , he neverti rele
went  on to j O I f l ~ sot some m a j o r  ia~ .s in our k n o w l e d ge . For examp 1~~:
di  t’ fus ion mv~ j r~~n’ e~~ts in Si. hov  been m ole 1 r less t u v  ho l  f of t h e
e i c : n e r : t s , f . ’ 5~~l f —  i f t ’usion m~’ -h,~r riom is s t i l l  - ‘~ o t i o ’..ercio] , and th e

i i  s ; i o i i  m i c l : , m n r o m ’ ;  f o i  t he t , ’::l;iu j.~ ili’? ,, ‘rr . ,  n o ~rnj i :  ]ti e~~,
H , ~i ’  s ti l l  r i o t  i n tv e r s o l l y  acc t d ’i e .  .~~~l ~o 0 , 0 : er tee  n i ca l l

: : ‘ : i i :  it y  t h a t  car :  d i f f - j s ’ ’  hy ’’ , i r . . ~ - ‘iv ::i::is mc . It  h . i e  a s o  I :
r e . d o  ~~~~ t.l:at its solul’i li Ly s i td  d i f t  ,i ’ i o n c o e f r i c i s  i i  v I I i i i S ’ ,e I
~~~ e~~~Ot i ’ or : L : g  0 r r r s h i o t  ion ; C e : :  r t i c c :  .ite l th: t v h s  eX~~e r i - -
0 - O t s  hive toiled ~~~ . confirm ‘ 0  effe , ‘ of i i ’j h t  — The ~~~~~~~~ m r - c
ci ,~~ , I ] c r l 5  ifl c - S i c ’ S  i v  u-~ . ‘ ~t i e ,’:’ o r e  well esLe: i 1ul:e. i , - i t

~he tet’e,i ’ . in - ‘ - — S  F ~ ~~~~ I t— :- -: ‘eJ Si ~ro i t  f u l l , ’ , 1 u L e e i ii
d ’r t ’  ag a i n , l e s O  ¶ : , -i r i  h .ilf of h i ’ ’l e m ’n t  s h ive  i ’& ’r ,  j:c.’ ’ ot i q , t ’ .l .1:-i

r up i : i t i ’  i i  Si . There is .i r - .. lt i p l i c it ’ :  c t  “ o , : , ’: i e f e c t c— — t ’ ror
sing].: ‘:,i ’a:c~ es t o  } :t nt ivac’o :c2ies—— - l::-: t h e r e is .i wh o ] . ’ zoo ot  I c e  t o

t h ’ ~ f o r m  I” ; jsjoc : to. - :’ w i t h  i n t o i t  i i  ari l oil’ .titu t i niul i m l : i i ’ : t l ’
t s r  L i r L ’ , th ere t o  a l :wil’l ’rrnq irinc of s E ’ i f — i n t , ’ r ’ -~t_ 1t i . i l  ar i d :r.t - : —

.t .  t r , 1 — : i r g ’ i r i ’’ de f e c t  a r t - I , once ogr in , loss than  h a l f  o f t h e  e l ’—
h - ’’ ’ F ‘n 1 :ok e l  it  in t- hi ‘store :t tori . ‘o r be t t  felt that nor

10, 11 i n  is ~~‘edt’ .i not merel y to  s at i s f y o u r  m l  I le :’Lual cu r i o s i t  \‘
bu t  to hel p make cheaper and be t te r  s e m i c ond uct o r  devices .  H ’  to~,O’ - l
ou t the i . i e ,.i of j u s s i b l y developing enough knowled ge t o  f o r m u l , r t t ’
“ d e f e c t — a n n i h i l a t i o n ” centers that could e l i m i n a t e  vacancies or i n t e r -
s t i t i a l s  at wi l l , and he looked forward to the eventual evolution of
“defect engineering .”
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W.J. Choyke ’s (Westinghouse , Pittsburgh) invited talk on defects
in SiC , which followed Corbett ’s lecture, illustrated how infinitely
worse off  our knowledge is of defects in this more complex material.
Despite the fact that SiC has been of major interest to the nuclear
community as a ceramic for fuel encapsulation and other uses , knowledge
of radiation-damage effects in this material is primitive compared
to what is known about Si. Choyke had time to describe only f ive
of the centers that have been studied by optical and electronic tech-
niques: a divacancy , di-interstitial C, a C-H center (made by proton
bombardment followed by a 700°—900°C anneal), a C—C split—interstitial
oriented along 100 , and a graphite—like defect that he believes has
a planar hexagonal structure. He expressed the hope that one might
eventually be able to unite the study of SiC as a semiconductor with
study of this material as a ceramic.

In another invited paper , P. Baruch (Ecole Normale Sup~ rieure ,
Paris, France ) gave an analysis of the eff ect of rad iation on dif fus ion
in Si; the effect is not always an enhancement—-it may even he a re-
tardation. The effects are complicated. Thus, the depth profile of
boron , after annealing of B—implanted Si, is not explainable by clas-
sical diffusion . One has to assume that B must exist both ~: ‘i l ’ - ’:t  i t i c t  io n—
ally and interstitially, each having a different m o b i l i ty , ari d r h , i t  th ~
d i f f e r e n t  ty p e e  are  also a f f e c t e d  by th e  p resence  of  i f l t ’ : : - t it  id Si -
“‘I~~o — c t t e ~d::: d r f f  i~~iori ’ L i k e : ;  j - l. ice, :~o t  a “s~ ‘o’ ” m l  a h i s t ’ r m 1’’ , : t i -

- c .  - , j t  t o - a t  iv  most ir rad j it i ons  t v - I  e r o a r , - - : . — i c ’ : .
‘ - o-: : “ t i ’ ,t ” ; , ’fl of “ l ’ f e - : t s  le- I in q  f ~~ .l s le c t  f l e w — — ,; “def t w : :  I ”  — — i r i s

t i c’ h e n S:’ ‘1; - : ;  i.e . ‘n l C l i ’ ~ st~~ F l  r’ki ,’ : i , i ~~ll e f fec t  j : - c, ’ r ,a l - i r  ,j ’ ’ . t i e  h
f e  . i c t i sn of t h e  defec t  w i r o l  ~~:i::t be m o d i f i e d  1” ,- ,‘on:-~ - -.:, s t o r m  -~~

by  t t v  a~~~ oC it’ i on  of i m p u r i ti e s  w i t h  the  t’~~’I i . , i t : - ‘ !  — - j r ~- l : iced 1 ” : t ,
I i t  to~ : d : ,r  ; g J r t ’j  t o -  : m v e~r 1t y  alon g w i t h  it. h - - t i c : ’ r - r r i i n - i e ’J tu e  a r - i t —
Oi lOO t i’S t t h e :  .:o:l :; j , i e r , i t  ;~ ‘no h Ira - I m r  c :u~~ t t : i  had j o : ] 

~~- ‘ - c ’ i .~ t [ ~ t -  : ‘ “

actor  da mage of meta ls  a well  as t o i, ! : — ;  ;‘ ,~ - I j e t ,  it  ion i r ’ ;e ’m i  c u n , l u - ’tot ‘ -

I -l .J .  Mayer , H. Mehrer  and K. M~~ie r  ( T n - - f .  ‘ rhevr  • -‘t • u - A!s~~ ’W a r I  I
Phys .  and MPI f . Me t al l f o r s c h., S t u t t g a r t )  dee r j hti’ ,i  1 ijdj o~ ctjve

t racer  technique for measur ing s e l f — d i f f u s i o n , which t h ey a~ - j - 1ied to ’
in t r ins ic  Si. Th~ fea ture  of the method was t h e  in s i t u  f o r m a t i o n
of ( radioact ive)  Si and the use of ion—beam s p u t t e r i ng  to sect ion t h e
specimen , the sputtered mate r ia l  being gathered on a c o l l e c t i ng  f o i l
which could be moved l ike  f i l m  in a camera—like  device , co l l ec t ing  de-
posited material for only a few minutes and then moving each exposed
segment on fo r  count ing.  The depth of mate r ia l  removed was measured
interferometrically.

According to the authors, the results obtained supported the view that
self—diffusion in Si occurs by an extended—interstitial mechanism . This
interpretation was vigorously disputed by Van Vechten , who c laimed
that impurity effects could be involved , but A. Seeger (Stuttgart)

—3—
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replied that great care had been taken to avoid impurities, including
carbon , in the material investigated by Mayer et al.

The discussion on this paper was only a foretaste of the confron-
tation which broke out the following day after Seeger gave his invited
paper , most of which was dedicated to an interpretation of “swirl”
defects which can be observed in dislocation-free high—purity Si.
Seeger gave electron microscope evidence that these were due to dis-
location loops formed by the condensation of self—interstitials rather
than of vacancies, as had been previously assumed. Van Vechten , however ,
espousing the vacancy interpretation, gave an impromptu ten—minute
lecture following Seeger ’s paper on what an electron microscopist “sees.”
Van Vechten pointed out that the observation that lattice planes expand
is not to be taken as evidence of interstitials. According to his
calculations for Si , planes do not collapse about vacancies but, to
the contrary, they expand about vacancies. It was clear from the
animated exchange which ensued that the controversy remains. 

-‘

A .F.W. Willoughby (Univ. of Southampton) reported on the effects of one
dopant on the diffusion of another in Si, e.g., Ga and P in Si.
P was found to enhance the tail of the Ga diffusion by 100—fold, where-
as As could produce either a small enhancement or a retardation , de—
pending on the conditions of the experiment.

Vavilov and his colleagues , V.S. Konoplbv and A .A. Gippins , gave
convincing arguments to show that the two luminescent centers produced
by electron i r r ad ia t ion  of Si (zero—phonon lines at 0.97 eV and 0.49 eV
r e sp e c t i vel y)  are due to carbon impuri ty.  They propose a two-carbon—
atom i l l  s p l i t - i n t e r s t i t i a l  model for  the 0. 97—eV center and a
s i m i l a r  c o n f i g u r a t i o n  wi th  a nearby oxygen atom as the O. 49—eV center .

t .C. Ki mmerl ing  (Bel l  Telephone Labs , Mu r ray  H i l l )  gave resu l t s
of the capacitance transient ‘-‘j’’ c t:oscopy technique to study d e f e c t
s o a t , ’ . ’ in e l e c t r o n — i r ra d iat e d  s i l icon .  His  ex p er ln t ” n t s  on s i l icon

~~~4 10 K ~nd at room tempera tu re  have v t e i . l ~ .i i n f o r m a t i o n
on n o r  r~ 1e v ,’0] s and cap ture  crosssi ’ut  ions . He cor’i’el~~t e l some of t h ’
d e f e c t  s~ i c s wi th centers  which have l i e n  i d e n t i  f i e ’d by !:SF m i  which
ex h i b i t  s i m i l a r  t r e ~~Jc tiofl  and ron ’ 11 in - a  characteri stics. The t r a n —
s r  n t  . ‘a~ - t c  i t ance  t ech ni que h as bee n i i-; e ’d ef fa ct  i V i ’  l y t 

~ 
riThe he the r—

mal  ~t~~h i ].itv of de fec t s  by obse rv ing  t -h e annea l ing  of some d e f ect s  and

~he growth of o the r s  as a f u n c t i o n  of t empera ture .

J. - ’ . l ’ ) r e l i i  et al . (Ren sse lae r  Pol y t r ’ c h.  In st ., Troy ) r epo r ted
or; op t  I’ r t l  a b s o r p t i on  OX I’ ’ ’ rim ,’n ts in very heavi lv neutron—irr .- i - l i s t e I

I i con 5: t -  ~~~~ n ,’cm 2 t . The s t u d : e ’’ w er e  - - i : ’ r i ’d out w i t h  p o l ar i zed
ligh  i n  the region f rom 7iY ’t cm —i  to 1317 cm 1 w i t h  c a r e f u l  a l i g n m e n t  of ’

the  e l e c t r i c — f i e l d  vector e i t h e i  normal or pa ra l l e l  to an applied s t r e s s .

—4—
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The data were interpreted as evidence for transitions of shallow donors
in disordered silicon containing multiple vacancies and/or intersti-
tials.

D. M. Maher , R. L. Meek and W . M. Gibson (Bell Telephone Labs,
Murray Hill) have performed low-temperature irradiations with helium
ions on silicon containing stacking faults. Electron microscopy
reveals that defect clusters are formed in planar arrays parallel to
stacking fault planes. Following annealing , dislocation loop images
appear which the authors interpret as being interstitial in nature .
In response to a question from the floor , it was admitted that there is
no way of knowing whether the defects are vacancies or interstitals,
but that they are extrinsic in character and are interpreted as intersti—
tials.

One of the best invited papers was a review of the Ill—V semi-
conductors by lAvid Lang (Bell Telephone Laboratories) . He pointed
out that one of the problems people have in understanding radiation
effects in Ill—V compounds is that workers in the field are used to
thinking in terms of Ge and Si. Lang stated that lattice relaxation
mechanisms are very important in the Ill-V compounds and that the be-
havior of GaAs and GaP is more akin to that of ZnSe and ZnS than to that
of Ge and Si. While the focus of the presentation was on GaAs, he coy-
ered investigations which have application to the other materials.
A large part of his talk involved the deep—level transient spectro—
scopy (DLTS) results obtained at Bell Labs pointing out that it has
been recently demonstrated that injection annealing is due to recombina-
tion-enhanced motion rather than charge-state effects. He mentioned
the work of Weeks, ~illy and Kimmerling which showed that multiphonon
emission is the mechanism for radiation—enhanced motion , a phenomenon
which resembles the Pooley-Hersh mechanism for defect production by
irradiation in the alkali halides. Lang stated that there are some
unanswered questions concerning defect intorduction in GaAs. Carrier
removal and photoluminescence data do not agree, and no exper imen t has
been performed to study electron damage vs. particle energy system-
atically. In addition, there is a need for a sensitive technique which
can be used to probe the Ill—V compounds on a microscopic level. ESR
is very difficult in the Ill—V compared with Si, for which it has been
so successful.

Some evidence was presented by T.V. Mashovets (10ff e Institute,
Leningrad) that radiation-induced defects interact with impurities in
InSb. Because the interaction between impurities and Frenkel pair
components takes place at liquid helium temperatures, it was concluded
that at least one of the Frenkel pair components is mobile in InSb at
temperatures as low as 4.2 K.

—5—
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There seems to be considerable interest in InP, with evidence
given for introduction of deep levels which are stable at room temper-
atures. N.P. and G.P. Kekelidze (Tbilisi State University) have found
that fast neutrons produced deeper levels than those produce by fast
electrons.

Van Vechten presented a theoretical discussion of threshold ener-
gies for Frenkel pair production in semiconductors. He fearlessly
stated that the minimum transfer energy for cation pair production
is less than for anion pair production in the tetrahedral IV—IV , III—
V and Il—VI semiconductors. If he is right, this means that several
of the experimentally determined displacement—threshold energies have
incorrect designations. Needless to say, there is some controversy
over these conclusions.

A paper by S.T. Pantelides (IBM, Yorktown’) and J. Bernholc (Univ.
of Lund) was very interesting in that the details of the band struc—
ture of silicon were used to calculate the band density of states.
The resulting density of states was then used successfully to calcu-
late photoionization cross sections for a number of shallow and deep
acceptors in silicon.

Dennis and Hale have used ESR as a probe of the amorphization proc-
ess in ion—implanted silicon. By measuring the critical dose required
for the transformation from crystalline to amorphous silicon, they were
able to revise the transformation model of F. Morehead and B. Crowder
(Rad. Effects 6 27 (1970)) to account for the total energy lost in atom—
ic processes. The experiments were in good agreement with the model for
low mass ions and at low temperatures. As the temperature inreases, the
energy density required for transformation increases. This led the au-
thors to speculate that the migration energy of vacancies may be very
important at higher temperatures.

A paper by R. Yagi et al. (Int. Phys. & Chem. Research , Wako—
Shi and Science Univ. of Tokyo) gave the results of channeling experi-
ments on rutile. They identified interstitial Ti ions and confirmed
an earlier ESR identification by comparing ESR data with the channeling

• data.

G. Watkins (Lehigh U., Bethleham, Pa.) undertook the difficult
assigment of reviewing defects in the Il—VI compounds--a major chore
which he accomplished with great lucidity. G. Landwehr (Univ. of
Wtlrzburg) very thoroughly reviewed what is known about defects in Te,
which has suffered from having few applications to stimulate industrial
int erest.

The next Conference in this series is scheduled to be held in 1978
at Cannes, on the French Riviera.
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